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ABSTRACT 
Background: 
Dental implants have been successful for the restoration of edentulous areas, but 
current techniques are inadequate in areas lacking sufficient bone volume. Piezoelectric 
surgery has shown encouraging effects on both osseous healing. A new wedge-shaped 
titanium PiezoImplant requires piezoelectric osteotomy. This study compares 
PiezoImplants to conventional threaded cylindrical shaped implants by microcomputed 
tomography and histology to assess osseointegration, tissue response, and alveolar ridge 
changes.  
Methods: 
After 3 months post-extraction, 18 conventional cylindrical implants and 18 
wedge-shaped PiezoImplants were placed using a split-mouth design in 3 adult mini pigs. 
The cylindrical implant sites were prepared for osteotomy with rotary instrumentation 
while the PiezoImplant sites were prepared with piezoelectric surgical inserts. One 
animal was sacrificed at 4, 8, and 12 weeks post operation. Quantitative µCT and 
		 vii 
histological analysis evaluated bone volume, osseointegration, and post-operative cellular 
events. 
Results: 
The results of a multivariable linear regression model demonstrated that the 
PiezoImplants, arch location, and time were significant factors on higher BV/TV 
percentage.  Bone to implant contact (BIC) analysis by high resolution microscopy and 
histomorphometry indicated osseointegration though intimate contact between implants 
and adjacent alveolar bone in both groups. The tissue response displayed no evidence of 
abnormal healing and the PiezoImplant was classified as a non-irritant. 
Conclusion: 
The combination of piezoelectric osteotomy and newly designed PiezoImplants 
had favorable effects on wound healing and osseointegration compared to conventional 
cylindrical implants. These novel wedge-shaped implants may be beneficial for narrow 
ridge spaces without additional ridge augmentation. Further research is needed to 
establish clinical validity.  
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INTRODUCTION 
Since their introduction by P.I. Branemark in 19691, modern titanium dental 
implants have been effectively used to restore edentulous areas with high rates of long 
term survival and success2,3. An essential prerequisite for implant survival is an adequate 
amount of bone surrounding the implant to allow for osseointegration and stability4.  The 
long-term survival of endosteal implants is dependent on the width of available bone5. 
Various techniques have been utilized to increase bone volume, including guided bone 
regeneration with particulate or block bone grafts, distraction osteogenesis, and alveolar 
ridge-split expansions6. Although these techniques are highly successful, they require 
additional surgeries with associated co-morbidities and complications. These 
complications include prolonged treatment time, post-surgical infection, barrier 
membrane exposure, soft tissue complications, and post-operative morbidity6. The 
techniques are effective in many situations, but may not be suitable for certain patients. In 
a recent survey, 39% of implant patients would not accept a bone graft surgery to enable 
dental implant placement7.  In narrow alveolar ridges where bone augmentation is not 
recommended, a dental implant system with narrower parameters is indicated.  
 Piezoelectric surgical devices were introduced to the dental field by Vercelloti in 
2001 and utilize mechanical deformations of crystal or ceramic materials in an electric 
field to amplify vibrations into ultrasonic oscillations of specialized inserts8.  
Piezoelectric devices have been optimally adjusted to target mineralized tissue, using a 
frequency of 25-29 kHz. At this frequency, the units selectively cut bone without 
damaging nerves, blood vessels, or soft tissues which are affected at frequencies greater 
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than 30 kHz9. Piezoelectric technology has many effective applications in dental and 
medical procedures, such as maxillary sinus augmentations, bone harvesting, 
lateralization of the inferior alveolar nerve, orthognathic and neurologic surgeries, 
removal of failed implants, treatment of BRONJ, biopsy sampling, and implant 
osteotomy10,11. Piezosurgical instruments are advantageous in surgical procedures due to 
precise, selective cutting, clean surgical fields, and reduced surgical bleeding12. The 
piezosurgical instruments have been used in alveolar ridge split procedures with narrow 
edentulous ridges because of this selective and precise cut with decreased splintering13. 
Compared to conventional rotary instrumentation, piezoelectric osteotomies for 
implants promote an early increase in BMPs, control inflammation, and stimulate earlier 
bone remodeling14. Di Alberti demonstrated that piezoelectric implant site preparation 
promotes better bone density and osteogenesis15. In a pilot clinical trial, it was proposed 
that secondary implant stability may develop faster with piezoelectric tips vs. 
conventional implant drilling due to lower surgical trauma and a shorter inflammatory 
phase16. 
A new wedge-shaped titanium PiezoImplant was designed to utilize a 
piezoelectric osteotomy with a buccal-lingual dimension thinner than standard implant 
systems. The PiezoImplant may be beneficial in narrow alveolar ridges where bone 
augmentation is not indicated. This pilot study compares PiezoImplants to conventional 
threaded cylindrical shaped implants (Nobel Active®) by microcomputed tomography 
and histomorphometric analysis to assess osseointegration and alveolar ridge changes.  
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METHODS  
Pre-operative and intra-operative procedures 
3 adult female Gottingen miniature pigs (retired breeders, 2-4 yrs, 40-50 kg) were 
purchased from the breeder (Marshalls Breeding, NY). The minipigs were premedicated 
with Clindamycin (11-33 mg/kg PO, BID) for 3 days prior to surgery. Pre-operative 
bloodwork and overnight fasting were completed before the day of surgery and water was 
given ad libitum.  
Pre-anesthetic agents of Telazol (5 mg/kg) and Xylazine (2.2 mg/kg) were 
delivered intramuscularly. After administration of pre-medications, an IV catheter was 
placed in the auricular vein for IV fluid and drug administration. The animals were 
intubated and maintained on Isoflurane (1-4% in 100% O2), Buprenorphine (0.05 mg/kg; 
SQ/IM), and Meloxicam (0.2 mg/kg IM/SQ) at least 30 minutes prior to surgery. 
Intramuscular Glycopyrrolate (0.01 mg/kg) was used as needed to maintain heart rate and 
reduce secretions. 
Intra-operative IV saline (10 ml/kg/hr) and Clindamycin (11-33 mg/kg IV) were 
delivered and heating pads were applied. Heart rate, blood pressure, respiratory rate, 
pulse oximetry, and body temperature were monitored every 15 mins during surgical 
procedures. 
Extraction  
A 0.12% chlorhexidine rinse was applied intraorally as an antiseptic before 
surgery. General anesthesia was induced and maintained as described previously, then all 
maxillary and mandibular premolars and molars were extracted with elevators, forceps, 
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and high-speed drills. Confirmation radiographs were performed to confirm complete 
extraction of designated teeth. Post-operative medications including Meloxicam (0.2 
mg/kg PO q24, 3 days), Clindamycin (11-33 mg/kg PO, BID, 7-10 days), and Fentanyl 
(1-5 mcg/kg for 72 hours) were given and subjects were monitored semi-weekly for 1 
week and weekly for 2 weeks. The extraction sites were allowed to heal undisturbed for 3 
months prior to implant placement.  
Implant placement 
 The four edentulous ridges in each minipig were divided in a split-mouth design, 
with three control or three experimental implants per ridge. A total of six control implants 
(4.3 x 10 mm NobelActive®, Nobel Biocare) and six experimental implants (5 x 2 x 10 
mm PiezoImplants) were placed in each minipig (Figure 1).  
Pre-operative and intra-operative protocols were maintained the same as the 
extraction surgery. A crestal incision was made on each edentulous site to receiving 
implants with a mesial releasing incision. A full thickness muco-periosteal flap was 
elevated and initial osteotomy was performed. The osteotomies were prepared according 
to the protocols for the corresponding implant group. The control implant osteotomies 
were prepared with the manufacture’s guidelines of 2.0 mm pilot drill, 3.2 mm twist drill, 
and 3.8 mm twist drill at 800 rpm with copious irrigation. The experimental PiezoImplant 
osteotomies were initialized with a 2 mm rotary pilot drill at 800 rpm and copious 
irrigation, followed by piezoelectric instrumentation with two inserts (Piezotome 2) at 60 
Hz with 60 ml/min irrigation. The first insert, P1, created the osteotomy in a mesial-distal 
direction and the second insert, P2, increased the osteotomy in a bucco-lingual direction 
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(Figure 2). The control implants were placed with a surgical driver at 40 NCm. The 
experimental implants were placed by tapping with a surgical mallet (Figure 2). Gingiva 
was closed with absorbable sutures and post-operative radiographs were taken to confirm 
the insertion of the implants.  
One animal was sacrificed at 4, 8, and 12 weeks, respectively. Animals were 
anaesthetized by BUASC veterinary staff as previously described and sacrificed with an 
overdose of IV delivered pentobarbital (>120 mg/kg). The jaws were dissected and each 
ridge was isolated and stored in 10% formalin at room temperature. 
Quantitative Micro-CT 
 The isolated ridges were scanned with a desktop micro-CT system (µCT80, 
ScanCo Medical) at the Boston University Orthopaedic and Development Laboratory. 
Specimens were loaded into a mounting tube to orient and maintain a stable position in 
the scanner. The x-ray tube was operated at 70 kVp and 113 µA, with an integration time 
of 800 ms. The data was reconstructed into 3D volumes with a voxel size of 20 µm.  
 The imaging data was processed and analyzed using the correlated software 
(ScanCo Medical). A global threshold algorithm with a gray level was used to apply a 
constant threshold to all specimens. A constrained three-dimensional Gaussian filter, with 
a width of 0.8 and 1 voxel support, was used diminish image noise. The region of interest 
was set as 1.5 mm from the implant surface, starting at the coronal level of the cortical 
bone, to 1.5 mm below the apex of the implant (Figure 3). The first 3 voxels closest to the 
implant were excluded to reduce confounding artifacts as proposed by a previous study17. 
The region of interest was adjusted in areas where the bone volume was less than 1.5 mm 
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away due to anatomical considerations, such as implants placed with the apex near the 
maxillary sinus.  
 The following measurements were obtained from the microCT software: 1) total 
volume (TV): total volume of the region of interest; 2) Bone volume (BV): the volume 
the voxels above the threshold of mineralized tissue; 3) bone volume fraction (BV/TV): 
the percentage of bone volume in the total volume. Due to different volumes of the ROI 
due to shape of the implant or anatomical locations, the bone volume fraction was used to 
analyze bone growth between samples.  
Submicron X-ray imaging 
 One specimen from the week 4 control mandible group and one specimen from 
the week 4 PiezoImplant mandible group were further analyzed by high-resolution 3-D 
microscopy (Xradia Versa 520, Zeiss International). The specimens were mounted on a 
loading platform and fixed with epoxy to maintain a stable position during the scan. The 
control specimen was scanned at 100 kV, 9 W, HE3 filter, 3001 projections, 5 second 
exposure, 4X objective with a 1.5 µm voxel size. The PiezoImplant specimen was 
scanned at 140 kV, 10 W, HE3 filter, 3001 projections, 5 second exposure, 4X objective, 
and 1.5 µm voxel size. The region of interest was chosen by a macro pilot scan to 
determine an area with high bone density on the apical third of each implant. An image 
processing software (3D slicer) was used to evaluate the scanning data.  
Histopathologic and Histomorphometric Analysis 
 One mandibular sample from each implant type at each time period was further 
analyzed by histopathologic and histomorphometric analysis. Specimens were 
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radiographed, processed, and embedded in methylmethacrylate (MMA) plastic. Sections 
were prepared in the lingual-buccal plane using diamond cutting and grinding techniques 
(~100 µm thick) and serially cut to produce two slides. After being mounted to slides, the 
sections were stained with hematoxylin and eosin (H&E) and Stevenel’s Blue (SB). The 
resulting slides were evaluated and scored for bone growth along the implant, intervening 
non-calcified tissue, bone quality at interface, inflammation, tissue response, and other 
pertinent parameters (Table 1). Total irritation scores for each implant were calculated as 
follows: ([sum of Inflammatory Response scores] x 2) + (sum of Tissue Response 
scores). Ranked irritation scores of the experimental implants were calculated by 
subtracting the mean total irritation score of control samples from the mean total irritation 
score of experimental samples. The ranked irritation score was used to determine the 
following severity grade for irritant status of the experimental implants: Non-irritant (0.0 
to 2.9), Slight irritant (3.0 to 8.9), Moderate irritant (9.0 to 15.0), or Severe irritant 
(>15.0). 
Histomorphometric analysis using ImagePro® Plus software was performed on 
photomicrographs of the resulting Stevenel’s Blue or H&E stained slides. New bone area 
(BA) within the region of interest (ROI) was assessed using the Stevenel’s Blue stain and 
bone in contact (BIC) was assessed using either the Stevenel’s Blue or H&E stained 
slide, with the slide showing the greater amount of BIC being used for the evaluation. 
Analysis was conducted to measure new bone area, in µm2, and the length of the 
segments of bone in contact with the implant (BIC), in µm. The regions of interest (ROI) 
for analysis were marked on digital images of the sections and the images were then 
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processed using Photoshop CC® (Adobe®)to mask the image outside of the ROI. In the 
morphometry raw data, measurement data was captured for the following: bone area 
(BA), total area of ROI (TA), length of the segments of bone in contact with the implant, 
and implant surface length. Bone was judged to have been in contact with the implant 
based on the proximity to the implant surface, the presence or absence of intervening soft 
tissue, and the similarity of contours of the bone surface with the implant surface. From 
these measurements, the total length of the implant surface (ttSL), total length of bone in 
contact with the implant (ttBIC), and the percentage of implant surface with bone in 
contact (%BIC) can be calculated. The areal percentage of new bone growth within the 
ROI was calculated as follows: %BA = 100 x (BA ÷ TA). 
Statistical Analysis 
 The µCT data was analyzed by a multiple linear regression model with the 
response of bone volume fraction and factors of location, week, and implant type.  ∝ < 
0.05 was set as the level of statistical significance and all statistical evaluations were 
performed using a statistical program (JMP10®, SAS Institute). 
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Figure 1. Comparison of (a) control implant and (b) PiezoImplant. 
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Figure 2. PiezoImplant Surgical Procedure. (a) P1 and (b) P2 osteotomy, (c, d) 
PiezoImplant placement, (e) PiezoImplants placed in ridge, and (f) post-operative 
radiograph. 
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Figure 3. Peri-implant Region of Interest for the (a, b) control implant and the (c, d) 
PiezoImplant. 
 
 
Figure 4: 3-D volumetric reconstruction of the peri-implant region of interest for the 
(a) control implant and the (d) PiezoImplant. 
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Cell Type/ 
Response 
Score 
0 1 2 3 4 
Bone Growth 
Along Implant 
(Osteointegration)  
Absent 
Minimal, 1-
25% of 
implant site 
is involved 
Mild, 26-
50% of 
implant 
site is 
involved 
Moderate, 
51-75% of 
implant site 
is involved 
Marked, 
76-100% 
of implant 
site is 
involved 
Bone Quality at 
Interface 
No bone 
or 
osteogeni
c islands 
Osteoid, 
osteogenic/ 
chondroid 
islands 
Mostly 
woven  
Mixture of 
woven and 
lamellar 
Mostly 
lamellar 
Inflammation 
(polymorphonucle
ar cells, 
lymphocytes, 
plasma cells, 
macrophages, mast 
cells, 
multinucleated 
giant cells) 
Absent 
Rare, 
1-5/hpf 
(Giant 
Cells= 
1-2/hpf) 
5-10/hpf 
(Giant 
Cells= 
3-5/hpf) 
Moderate, 
Heavy 
Infiltrates 
Packed 
(Giant 
cells = 
sheets) 
Neovascularizatio
n 
Absent 
Minimal 
capillary 
Groups of 
4-7 
Broad band 
of 
Extensive 
band of 
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proliferatio
n, focal, 1-3 
buds 
capillaries 
with 
supporting 
fibroblasti
c 
structures 
capillaries 
with 
supporting 
fibroblastic 
structures 
capillaries 
with 
supporting 
fibroblasti
c 
structures 
Fibrosis Absent  
Narrow 
band 
Moderatel
y thick 
band 
Thick band 
Extensive 
band 
Fatty Infiltrate Absent  
Minimal 
amount of 
fat 
associated 
with 
fibrosis 
Several 
layers of 
fat and 
fibrosis 
Elongated 
and broad 
accumulatio
n of fat cells 
about the 
implant site 
Extensive 
fat 
completely 
surroundin
g the 
implant 
Other Features Absent Minimal Mild Moderate 
Marked 
(Necrosis 
= Severe) 
Table 1. Scoring system for histopathologic and histomorphometric evaluation. Hpf  
= high powered field 
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RESULTS 
Clinical Evaluations 
All of the minipigs recovered well postoperatively and demonstrated no signs of 
infection or adverse reactions. Postoperative healing was uneventful in both groups with 
no significant alterations in animal behavior. All implants achieved successful 
osseointegration and were free of fibrous tissue encapsulation. There were no implant 
failures in either group.    
Micro-CT Evaluations 
 The mean bone volume fractions increased at each time point, regardless of group 
or location. The bone volume fraction was consistently greater in the mandibular 
implants compared to those in the maxilla for both groups. The mean bone volume 
fraction was greater in the PiezoImplant group compared to the control at each time point 
and location (Figure 5, Table 2). The results of the multiple linear regression model (r2 = 
0.69) revealed that the bone volume fraction was significantly greater in the mandible 
compared to the maxilla (Table 3, p < 0.0001). The regression model also demonstrated a 
significant increase of bone volume fraction over each time period (p < 0.0001). The 
bone volume fraction was significantly greater in the PiezoImplant group compared to the 
control (p = 0.0232).  
High resolution Microscopy 
 No streaking artifacts were present in either sample. Osseous tissue was observed 
in close contact with the implant surfaces in the control and PiezoImplant samples 
(Figure 6).  
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Histopathologic and Histomorphometric Analysis 
Intervening non-calcified tissue was similar for all treatment sites and composed 
of a thin layer of connective tissue surrounding the implant surface in areas that lacked 
direct bone contact (Figure 7). The new bone apposition on the implant surface matured 
over time, with both treatments having mostly woven bone at 4 weeks, a mixture of 
woven and lamellar bone at 8 weeks, and the PiezoImplant group had matured to mostly 
lamellar bone with a thin layer of woven bone at 12 weeks while the control group had a 
mixture of woven and lamellar bone at 12 weeks. Thus, the PiezoImplant had a slight 
increase in % BIC and maturation of bone at 12 weeks compared to the control group. 
The percentage of new bone growth within the ROI was greater in the Piezo 
group at all time points compared to the control group (Table 5). Additionally, the 
percentage of new bone growth within the ROI increased over time in both groups, with 
19% at 4 weeks, 22% at 8 weeks, and 25% at 12 weeks in the Piezo group and 17% at 4 
weeks, 18% at 8 weeks, and 24% at 12 weeks in the control group. The PiezoImplant 
group had relatively high amounts of osseointegration, with the %BIC starting high (48% 
at 4 weeks), dipping at 8 weeks (14%) and then increasing to a greater amount at 12 
weeks (61%). I In comparison, the control group had lower % BIC amounts at 4 and 12 
weeks, but greater %BIC at 8 weeks (40% at 4 weeks, 51% at 8 weeks, and 28% at 12 
weeks). 
Inflammation was similar with both treatments and was composed of low 
numbers of macrophages and variable numbers of multinucleated giant cells (Table 4). 
The macrophages and multinucleated giant cells responded as low-grade foreign body 
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reaction to the presence of the implant in the PiezoImplant and a low or mid-grade 
foreign body reaction in the control group. No evidence of neutrophils, eosinophils, 
plasma cells, or mast cells was noted in any sample. 
The tissue response was similar for both groups with no evidence of 
neovascularization, fibrosis, or fatty infiltrate. Additionally, no evidence of hemorrhage, 
necrosis, granulation tissue, mineralization, granulomas, tissue ingrowth into the device, 
foreign debris, or pseudobursal formation were noted. The PiezoImplant was classified as 
a non-irritant (Table 6).  
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Figure 5. Mean bone volume fraction (% BV/TV) for control (NobelActive®) vs. 
PiezoImplants placed in the maxilla and mandible at 4, 8, and 12 weeks. Error bars 
represent standard deviation.	 	 	
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Table 2. Mean bone volume fraction (% BV/TV) for control and PiezoImplants 
placed in the maxilla and mandible, by time period.  
 
 
Table 3. Sorted Parameter Estimates for the multiple linear regression model with 
the response of bone volume fraction and factors of location, week, and implant 
type. ∝	= 0.05.  
 
Implant Week Location Mean BV/TV (%) STDEV 
Nobel 4 Maxilla 39.43 4.36 
Nobel 8 Maxilla 41.06 9.89 
Nobel 12 Maxilla 49.04 10.37 
Nobel 4 Mandible 47.48 4.45 
Nobel 8 Mandible 62.56 5.79 
Nobel 12 Mandible 64.06 1.48 
PiezoImplant 4 Maxilla 41.78 3.91 
PiezoImplant 8 Maxilla 49.02 6.88 
PiezoImplant 12 Maxilla 58.17 9.86 
PiezoImplant 4 Mandible 54.10 8.55 
PiezoImplant 8 Mandible 64.49 7.99 
PiezoImplant 12 Mandible 67.40 3.48 
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Figure 6. Submicron x-ray imaging of (a) control and (b) PiezoImplant at Week 4. 
Implant surface is shown by the radiopaque surface.  
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Figure 7. H & E and Stevenel’s Blue histologic staining around control and 
PiezoImplants at 4 (a, b), 8 (c, d), and 12 weeks (e, f). I = implant; N = new bone 
growth; Arrowheads = areas of bone in contact with the implant surface. 
 
	21 
  4 Weeks 8 Weeks 12 Weeks 
Piezo  Nobel  Piezo  Nobel  Piezo  Nobel  
Osteointegration              
Bone Growth Along Implant 
(Osteointegration)  
2 2 1 3 3 2 
Intervening Non-calcified Tissue  1 1 1 1 1 1 
Bone Quality at Interface  2 2 3 3 4 3 
Irritancy              
Inflammation (I)              
Neutrophils  0 0 0 0 0 0 
Eosinophils  0 0 0 0 0 0 
Polymorphonuclear Cells  0 0 0 0 0 0 
Lymphocytes  0 0 0 0 0 0 
Plasma Cells  0 0 0 0 0 0 
Macrophages  1 1 1 1 1 1 
Mast Cells  0 0 0 0 0 0 
Multinucleated Giant Cells  0 0 1 1 1 2 
Subtotal x 2 = I  2 2 4 4 4 6 
Tissue Response (TR)              
Neovascularization  0 0 0 0 0 0 
Fibrosis  0 0 0 0 0 0 
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Table 4. Histopathologic analysis. 
 
  
Fatty Infiltrate  0 0 0 0 0 0 
Subtotal = TR  0 0 0 0 0 0 
Total Irritancy Score (I+TR)  2 2 4 4 4 6 
Other Features              
Necrosis  0 0 0 0 0 0 
Granulation Tissue  0 0 0 0 0 0 
Mineralization  0 0 0 0 0 0 
Granulomas  0 0 0 0 0 0 
Hemorrhage  0 0 0 0 0 0 
Tissue Ingrowth into the Device  0 0 0 0 0 0 
Foreign Debris (other than 
implant)  
0 0 0 0 0 0 
Pseudobursal Formation (- = 
Absent; + = Present)  
-  -  -  -  -  -  
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Table 5. Histomorphometric analysis. 	 	
  4 Weeks 8 Weeks 12 Weeks 
Piezo  Nobel  Piezo  Nobel  Piezo  Nobel  
MORPHOMETRY 
ASSESSMENT  
            
Total Area of the Region of Interest 
(ROI) (mm2)  
39.23 50.67 35.58 45.84 40.72 35.32 
New Bone Area (mm2)  7.56 8.63 7.85 8.25 10.43 8.55 
Length of segments of Bone in 
Contact with the Implant (mm)  
1.05 12.45 3.07 16.31 12.57 7.93 
Implant Surface Length (mm)  20.37 30.9 20.7 31.5 23.99 27.5 
Percentage of Implant Surface with 
Bone in Contact (%)  
48.7 40.3 14.8 51.8 61 28.8 
Percentage of New Bone Growth 
within the ROI (%)  
19.3 17 22.1 18 25.6 24.2 
	24 
Table 6. Ranked irritancy data. 
  
  Cohort 4 weeks 8 weeks 12 weeks 
Implant Piezo Nobel Piezo Nobel Piezo Nobel 
Total Irritancy Score 
(I+TR) 
2 2 4 4 4 6 
Ranked Irritancy Score  
(Test - control) 
0   0   0   
Ranked Irritancy Conclusion Non Non Non 
Ranked Irritancy Key: 
Conclusion Ranked Irritancy Score Range 
Non-Irritant 0.0-2.9 Non-Irritant 
Slight irritant 3.0-8.9 Slight irritant 
Moderate 
irritant 
9.0-15 Moderate irritant 
Severe irritant >15 Severe irritant 
Total Irritancy Scores were calculated for each implant site for each animal via the 
following formula: [(sum of inflammation scores) x2] + (sum of tissue response 
scores). Ranked Irritancy is calculated via subtracting the Total Irritancy Score of 
the Control Article from the Test Article. NOTE: Ranked irritancy scores resulting 
in a negative value have been converted to a score of 0. 
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DISCUSSION 
This present study utilized a novel wedge shaped PiezoImplant placed in a 
piezoelectric osteotomy. The alveolar ridge responses to PiezoImplants were compared 
with those of conventional threaded cylindrical shaped implants utilizing rotary 
osteotomy by microcomputed tomography, high resolution x-ray imaging, and 
histomorphometric analysis. This study demonstrated better osseointegration and a 
favorable healing response for PiezoImplants.  
PiezoImplants were found to have a more favorable osseous response than 
conventional rotary osteotomies. This agrees with previous studies demonstrating a more 
favorable osseous response utilizing piezoelectric osteotomies compared to conventional 
cylindrical implants14,16. This may be due to enhanced bone remodeling and growth 
during piezoelectric osteotomy compared to rotary osteotomies18,19,20. Piezoelectric 
surgery involves less trauma and cell death and may lead to milder earlier inflammatory 
responses21,22. Piezoelectric osteotomies preserve delicate bone structure with less debris 
condensing in cancellous spaces compared to conventional osteotomies. The condensed 
osseous debris in cancellous spaces seen in conventional osteotomy may act as a 
mechanical obstacle for blood supply23. Piezoelectric osteotomies may be better in 
cancellous bone due to preservation of the original bone tissue, which results in decreased 
clot thickness at the bone-implant interface24.  A randomized control trial found 
ultrasonic implant site preparation may modify biologic events during osseointegration, 
resulting in limited decrease of implant stability quotient values and earlier shift to 
increased stability. Although there was no difference in primary stability between 
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piezoelectric and rotary osteotomies, secondary stability was significantly higher for the 
piezoelectric implants25. These current results are different from those of previous studies 
that reported similar osseointegration26, primary stability27, and crestal bone loss28 for 
piezoelectric vs rotary implant osteotomies.  
Osseointegration is defined as living bone in contact with an implant29 and is 
necessary for implant loading and critical for long-term clinical success30. Histologic 
assessment is regarded as the gold standard to assess bone to implant contact and is an 
important factor in the evaluation of the osseointegration of titanium implants31. 
Histological bone to implant contact was demonstrated by both the control and 
PiezoImplant samples, which indicates osseointegration of the implants in both groups. 
The high-resolution x-ray microscopy correlated well with the histological examination 
as both indicated an intimate bone to implant contact. The percentage of new bone 
growth within the ROI increased at 4, 8, and 12 weeks in both groups. Gahlert also 
demonstrated an increase in average histomorphometric bone density at 4, 8, and 12 
weeks in sandblasted and acid-etched titanium implants in minipig model32.  
Additionally, the histopathologic examination demonstrated minimal signs of 
inflammation, favorable tissue response, and classified the PiezoImplant as a non-irritant 
similar to the control implant.   
This pilot study utilized a preclinical animal model to test the biocompatibility 
and safety of the prototype PiezoImplant. Minipigs were selected as the animal model for 
this translational research because of similar bone structure and healing to humans. The 
minipig model is considered a suitable representative for human osseous tissue with 
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regard to composition, morphology, and microstructure33. Additionally, the rate of bone 
repair, healing, and remodeling is similar to those in humans34. The current study 
evaluated histological and microcomputed tomography evaluations over a 12 week 
period, which is considered an adequate healing period for bone repair and remodeling in 
humans and minipigs33. 
Microcomputed tomography has been established as a valid alternative to 
histomorphometric analysis of bone structures surrounding dental implants35–37. µCT is 
an advantageous method to assess peri-implant bone architecture because the technique 
provides rapid three-dimensional data that does not destroy the sample38. Vandeweghe 
discovered that µCT corresponds closely with histomorphometry as a method to evaluate 
osseous morphology around dental implants39. However, the high radiodensity of 
titanium compared to biological tissues may lead to artifacts during µCT analysis, 
especially within 45-60 µm of the implant surface40,41. The first three voxels closest to the 
implant surface were eliminated from the analysis to reduce the influence or artifacts as 
recommended by previous studies17,42.  
Some of the limitations of the study include small sample size and the comparison 
of two implants with different shapes, osteotomies, and placement methods. As only one 
implant per group in each time period was evaluated by histomorphometric assessment, 
statistical analysis was unable to be performed. Additionally, it is undetermined which 
variable is responsible for the enhanced osseous response seen in the PiezoImplants.  
The results of this pilot study are encouraging, however more randomized control 
trials are required for additional analysis. The response of the PiezoImplant to loading 
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forces is undetermined and will be the subject for future studies. This study analyzed the 
osseous response to the PiezoImplant in wide alveolar ridges with abundant horizontal 
bone, however the design of the PiezoImplant is advantageous in narrow ridges. Future 
endeavors will compare the PiezoImplant and conventional cylindrical implants in 
alveolar ridges with limited horizontal bone. 
In conclusion, the present study revealed that the PiezoImplants with a 
piezoelectric osteotomy is classified as a non-irritant and is capable of osseointegration in 
a minipig model. The PiezoImplants had a more favorable osseous response than 
conventional cylindrical implants placed with rotary osteotomy and both were influenced 
by arch location and healing time after placement.   
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